In low-energy effective string theory, α ′ corrections involve the coupling of the dilaton field to Gauss-Bonnet term. We assume that the dilaton potential is fine tuned so that the dilaton field may oscillate rapidly for a while around the minimum of its potential but the inflation background is not affected. By numerical method, we find that if the dilaton starts to oscillate at the time of about ∼ 60 e-folds before the end of inflation, α ′ correction may bring unusual oscillations to the inflationary gravitational wave spectrum, which might be measurably imprinted in the CMB B-mode polarization.
I. INTRODUCTION
In the recent years, high-precision CMB observations [1] confirmed the predictions of inflation. Meanwhile, the searching for the primordial tensor perturbations, i.e., the primordial gravitational waves (GWs) [2] , [3] , which may be imprinted in the CMB B-mode polarization spectrum [4] , [5] , has been still on road, e.g., [6] . The detection of primordial GWs would verify general relativity (GR) and strengthen our confidence in inflation. Inflation occurred in the early universe with higher scale. Thus, it could be expected that the primordial GWs might encode information of the UV-complete quantum gravity (e.g., [7] ), for which the most promising candidate is string theory.
The effective action of string theory reduces to GR at low energy. However, it will acquire the higher-order curvature corrections with the α ′ expansion. In heterotic string theory, the leading-order correction is [8] ∼ c 1 α
where R 2 GB is the Gauss-Bonnet (GB) term, M s = 1/ √ α ′ is the string scale and φ is the dilaton field. In Type II string theory, it is ∼ α ′ 3 R 4 , e.g., [9] , see also Ref. [10] and references therein.
The effects of α ′ corrections are actually negligible at low energy ≪ M s . Thus the common expectation is that these characters of string theory can be hardly directly tested in laboratory experiments. However, inflation, which occurred in higher energy scale, is a natural laboratory for testing higher energy physics, since the corresponding physics might have an influence on the primordial perturbations produced during inflation. The model buildings of inflation in string theory has been widely investigated, e.g., [11] and [12] , [13] for recent reviews.
The inflationary GWs is a powerful tool to probe the physics beyond GR, since it is only affected by the physics relevant to gravity, e.g., the change of the propagating speed of GWs [14] . Though the primordial scalar perturbation is affected also by the modified gravity, it is mainly affected by the dynamics of inflaton field itself, which will interfere the identifying of corresponding signatures. In Refs. [15] , [16] , [17] , [18] , the non-Gaussianities of inflationary GWs from modified gravity were studied. However, such non-Gaussianities are far below the sensitivity of on-road measurements. Comparatively, the power spectrum of primordial GWs is observationlly promising. Thus a significant asking is if α ′ corrections in string theory may leave measurable imprints in the CMB through their effects on the power spectrum of GWs.
Here, we assume that the dilaton potential is fine tuned so that the dilaton field may oscillate rapidly for a while around the minimum of its potential but the inflation background is not affected. By numerical method, we find that if the dilaton starts to oscillate at the time of about ∼ 60 e-folds before the end of inflation, α ′ correction (1) can lead to the unusual oscillations in the power spectrum of primordial GWs. These oscillations may result in some obvious wiggles in the CMB B-mode polarization spectrum, which is well within the detection of the upcoming experiments. The intensity of the wiggles is determined by the string scale M s and the string coupling g s .
II. THE SETUP
The effective action of heterotic string may be [8] ,
where
, and c 1 = 1/8 is dimensionless. The background is the inflation with ǫ = −Ḣ/H 2 ≪ 1, and the field driving inflation is given in S inf (see, e.g., [13] ), which we will not involve. The dimensionless scalar φ is the dilaton field. By variation with respect to metric, we obtain the modified Friedmann equations
where ρ inf and p inf are the energy density and pressure contributed by inflaton respectively. Here, for simplicity, we set φ as a 'non-background' field, i.e. spectator field, which means that it dose not dominate or affect the evolution of the background. This requireṡ
, and the contribution of c 1 α ′ e −φφ H 3 from the GB term to H 2 must be also negligible, which put the constraint c 1 α ′ e −φφ H ≪ 1. In addition,
must be imposed, so that other higher-order α ′ corrections may be neglected, where g s = e φ is the string coupling.
The dilaton φ is massless in the weak coupling regime, i.e., φ ≪ −1 and g s ≪ 1. However, in the moderately strong coupling regime, φ ∼ −1, the potential must exhibit some structure to make φ trapped at the minimum of the potential, so that the equivalence principle is preserved at late time [19] . Though the detail of the dilaton potential V (φ) is still an issue in the study, it is generally thought that V (φ) with a local valley can naturally arise due to some nonperturbative effects [20] .
Inflation happens when inflaton dominates over other fields. We can see from Eq.(3) that it's unlikely φ ≪ −1 at the beginning of inflation, since the term with e −φ will dominate over the contribution from inflaton. Thus, it's natural to assume that φ locates at the strong or moderately strong coupling regime with φ ≃ −1 at the beginning of inflation, and runs towards the regime with φ < −1 until trapped by the valley of V (φ). In addition, we also require that the initial value of V (φ) must also be negligible compared with the inflaton potential.
In this setup, the adiabatic scalar perturbation is contributed by inflaton, which is irrelevant with the 'non-background' field φ. We, following [21] , may obtain the quadratic action of the GWs mode h ij as follows
where h ij satisfies ∂ i h ij = 0 and h ii = 0, τ is the conformal time, dτ = dt/a, a prime denotes the derivative with respect to τ , c T is the propagating speed of primordial GWs, and
is regarded as effective Planck scale M 2 P,ef f (τ ), and
where ξ = 1/e φ , which are consistent with the earlier results in Ref. [22] [23]. Thus, although φ dose not dominate the background, due to its coupling to R 2 GB , it may affect the tensor perturbation, see also [17] for similar case but with nonminimal derivative coupling to R.
Here, the conditions of avoiding the ghost instability are c 2 T > 0 and Q T > 0. Here, if φ sits in the minimum of its potential or slow rolls, we haveQ T /HQ T ≪ 1 anḋ c T /Hc T ≪ 1, the primordial GWs spectrum will only acquire a small correction [24] , [25] , and its shape will not be altered essentially. However, before resting at the minimum of its potential, if V φφ ≫ H 2 , the dilaton field might rapidly roll down towards the minimum of its potential and oscillate around it, which will lead to a short-time but drastic variation of the propagating speed of GWs, see (7) . We will show that it is this variation, if happened during inflation, that will naturally imprint the leading-order string correction (1) to the large-scale primordial GWs.
In the pre-big bang scenario, the α ′ corrections were applied to solve the singularity problem of the big bang model, which will also leave imprints in the primordial GWs [26] , [27] .
However, these imprints appear at small scales, and are not relevant to the CMB polarization, unless the pre-big bang phase is followed by an inflationary phase [28] , [29] , or see [30] .
III. THE SIGNATURE OF HIGHER-ORDER STRING CORRECTION
The power spectrum of primordial GWs is calculated as follows. The Fourier series of h ij
ii (k) = 0, and ǫ
ij (−k), the commutation relation for the annihilation and creation operators a λ (k) and
Thus we have the equation of motion for u(τ, k) as
Initially, the perturbations are deep inside the horizon, i.e., c
The power spectrum of GWs is
Here, since both c T and Q T experience the short-time but drastic variations, analytical solution is difficult to obtain. We will first exhibit the numerical results, which help to clearly display the nontrivial feature of GWs spectrum induced by α ′ correction.
A. The numerical solution
To facilitate the numerically solving of the perturbation equation, we introduce the vari-
, the evolving equation of φ and Eq. (9) can be rewritten as
where the subscript 'α' denotes ∂/∂α, and c 2 T and z T are given by Eqs. (7) and (10), respectively. The initial condition of Eq. (13) is written as
where the initial value of c T is set as unity. We assume, without loss of generality, that the background of slow-roll inflation is described by constant ǫ, so that the Hubble parameter may be written as
As has been argued, in the moderately strong coupling regime φ ∼ −1, due to the nonperturbative effects, the potential must exhibit some structure to make φ trapped at the minimum of the potential. Initially, φ might deviate from the minimum of its potential.
In (2), the dimension of V (φ) is the square of mass and φ is dimensionless. In term of
Ref. [20] , both V φ and
is the volume of extra dimensions. Thus with (5) and g s = e φ * ≪ 1, we have V φφ ≫ H 2 . Therefore, φ will rapidly roll down, and oscillate around the minimum of the potential before getting rest. As long
2 is still reserved), the result is actually insensible to other details of V (φ).
Here, for the purpose of numerical simulation, we set the potential locally as
, where φ * < −1. To not interrupt inflation, it's convenient to parameterise the potential locally as
where V 0 has the dimension of the square of mass, B is a dimensionless constant. The purpose of introducing B is to guarantee that V (φ) doesn't affect the background evolution when |φ − φ * | is large enough, as we can see from Eq.(3) and (4). We will set B = 10 10 , then the value of V (φ) is smaller than 10 −10 M 2 p , thus is negligible compared with 6H 2 . There is some finetunning in the shape of the potential. The shape of dilaton potential is actually still an issue in study, and it is generally thought that in heterotic string theory the potential with a local valley might arise due to some nonperturbative effects. What we mainly focused on is that how the primordial GWs spectrum will be affected, if there is such a potential.
Because both the contributions from the Gauss-Bonnet and the potential is to move φ towards smaller value, φ won't be frozen if it located at |φ − φ * | > 1 initially, and we don't need to create very fine-tuned initial conditions for φ 1 . Below, we will set φ * = −2.6, and the initial value of φ as φ initial = −1.5.
In Fig.1 , we plot the evolutions of φ, c 2 T and Q T . The field φ rolls down along its potential, and gets rest at the minimum of the potential after oscillating around it, since the inflation rapidly dilutes its kinetic energy. This evolution induces the oscillations of c It might be concerned that whether the contribution of the spectator scalar field φ to the background evolution can be safely negligible. To verify this issue, we set the contribution of φ in Eq. (3) and (4) as
respectively. We plot C φ 1 and C φ 2 with respect to α in Fig.2 , using the same parameters used in Fig.1 . We can see that the contributions from the terms relevant with φ are negligible compared with that of inflaton in the regime we are interested in.
In Fig.3 , we plot the ratio of the power spectrum P T to P inf T for different α ′ , V 0 and
is that of standard inflation without α ′ correction. In all cases, unusual oscillations in P T are present, which is obviously a universal character attributed to the nontrivial behavior of c T and Q T , or more intrinsically said, the string theory might manifest. Though the particle production during inflation may also significantly affect the power spectrum of GWs [32] , [33] , it only leads to a bumplike modification, which is entirely different from the behavior of the oscillation showed here.
In Fig.4 , we plot the CMB lensed BB-mode power spectrum, compared with that of inflation without α ′ correction, in which r = P tion is not affected by the nontrivial behavior of the dilaton φ, and is still P inf R . In addition, we also assumed that after inflation the dilaton rests at the minimum of its potential so that GR is covered. Thus, the effect of varying c T at late time may be neglected, or see [34] [35] . When the dilaton field φ is fixed, the GB term will not affect the evolution of the background, since it is the generalised Euler density of four-dimensional spacetime, and thus is a topological invariant and does not contribute to the equations of motion.
There are generally a recombination peak at l ≈ 80 and a reionization bump at l < 10.
Both are the imprints of the primordial GWs. The detection of the recombination peak will be a confirmation that inflation has ever occurred, while detecting the reionization bump at low-l would help us to understand the physics of pre-inflationary universe, e.g., [36] . When the comoving oscillating scale in GWs power spectrum is set at l ≈ 80, for r 0.01 we may see obvious wiggles around the recombination peak, which may be tested by the upcoming polarization data.
B. The analytic estimate
The oscillations in P T are induced by α ′ correction, which naturally implies that the intensity of the oscillations is closely related to the value of the string scale
We have observed in Fig.3 that with larger α ′ , i.e., smaller energy scale of string M s , we got larger amplitude of the oscillation in the power spectrum. To acquire more insights on relevant physics, we will give an analytic estimate for it.
To not affect the background evolution, φ 2 α ≪ 12, V ≪ 6H 2 and 4H 2 c 1 α ′ e −φ φ α ≪ 1 must be satisfied. Thus we have Q T ≈ 1 and c
s /H 2 ≫ 1, so when φ rapidly rolls down and oscillates around the minimum of its potential, which corresponds to φ = φ * , in Eq.
The second term in Eq. (12) is not negligible, which is responsible for making the oscillation stop rapidly. Thus our estimate is precise only for the first two or three oscillations. However, it is enough for us to grasp the physics behind the oscillating P T . When φ oscillates around φ * , c 2 T will acquire an oscillation with same frequency. The extreme values of the oscillating amplitude of c 2 T can be estimated as
where e −φ is approximately replaced with e −φ * . Therefore, for V φ ∼ M 2 s , we may have c 1 α ′ e −φ * |V φ | 0.1, which is required for the spectrum showing itself feature.
We assume that c T experiences an ideally steplike jump from c T 1 to c T 2 , and following
Ref. [14] (see, also [37] for the scalar perturbation), we have
for k ≫ k 0 , which oscillates between 1/x 2 and 1/x 4 , and k 0 is the wave number of the GWs mode crossing horizon when c T jumps, and x = c T 2 c T 1
.
Thus we approximately have
This reflects the effect of α ′ , which corresponds to M s , on the amplitude of oscillation in the power spectrum. In turn, we have
where 2/|Ṽ φ |. In addition, the result of Planck [1] showed the scalar perturbation amplitude oscillations. This provides a direct link between the oscillating amplitude in the primordial GWs spectrum and the string parameters, which is depicted in Fig.5 .
In heterotic string theory, the spacetime is 10-dimensional. The leading term of the effective action is S 10 = After compactifying it on a Calabi-Yau manifold with volume V 6 , in four-dimension we have
), e.g., [38] . Thus combining it with Fig.5 , in which we see
for g s ∼ 0.1. This is consistent with the requirement of supergravity approximation, i.e.,
Here, for simplicity, we required that the background is not affected by the dilaton field.
However, it is also possible that the dilaton field would affect the background at certain level.
In that case, it is required to evaluate the effect of α ′ correction on the scalar perturbation spectrum. Additionally, the oscillation of primordial GWs power spectrum will also affect the auto-bispectrum of the tensor perturbations and the cross-bispectrum of the primordial perturbations, which will be studied in upcoming work.
IV. CONCLUSION
The α ′ correction (1) can be regarded as high-order correction to GR. Due to some nonperturbative effects, the dilaton potential might show itself a local valley. We assume that the dilaton potential is fine tuned so that the dilaton field may oscillate rapidly for a while around this valley but the inflation background is not affected.
We numerically find that if the dilaton starts to oscillate at the time of about ∼ 60 e-folds before the end of inflation, the correction (1) may bring unusual oscillations to the inflationary GWs spectrum, which might be measurably imprinted in the CMB B-mode polarization. We analytically show that the intensity of oscllating the is determined by the string scale M s and the string coupling g s .
We show that if r 0.01, we might observe obvious wiggles around the recombination peak in the CMB B-mode power spectrum, which may be well within the detection of the current B-mode polarization experiments. This finding, if supported by observations, would yield significant insights into the gravity theory beyond GR. Conversely, a null result would place tight constraints on corresponding theory. Our work highlights the fact that highprecision CMB B-modes polarization experiments might offer us richer information on a UV-complete gravity theory than expected. We follow the ADM metric
where N is the lapse function, N i is the shift vector and γ ij is the spacial metric. It is useful to define the normal vector of 3-dimensional hypersurface n µ = n 0 dt/dx µ = (n 0 , 0, 0) and n µ = g µν n ν . Using the normalization n µ n µ = −1, one have n 0 = N, which implies
, and the 3-dimensional induced metric, which is orthogonal to the normal vector, i.e. H µν n ν = 0, can be defined to be H µν = g µν + n µ n ν ,
Thus using the 3-dimensional variables, R µνρσ , R νσ and R can be written as
where D µ is the covariant derivative with respect to H µν , L n is the Lie derivative in n µ -direction, K µν = L n H µν /2 is the extrinsic curvature, and a µ ≡ n ν ∇ ν n µ . Thus after defining 
Till now, R 2 GB has been decomposed and presented with only N, N i and γ ij -related variables. Then, after tedious derivation, the action (6) of the tensor perturbation can be obtained by taking γ ij = a 2 (t)[e h ] ij , where h ij satisfies ∂ i h ij = 0 and h ii = 0. respectively. We have set α initial = −13.4 for these three cases.
